INTRODUCTION
The Sacramento-San Joaquin Delta (Delta) provides immense value to California as a freshwater conduit for 750,000 acres of farmland, primarily in the Central Valley, and raw drinking water supply for nearly two-thirds of Californians (Fujii 1998; Lund et al. 2008; Luoma et al. 2015; PPIC 2016) . The Delta faces continuing ecological and structural challenges, including numerous threatened and endangered fish species Murphy et al. 2011) , land subsidence from peat oxidation that increases levee failure risks (Mount and Twiss 2005; Deverel et al. 2016a) , and water quality issues that require the management of salinity, dissolved organic carbon (DOC), disinfection byproduct precursors (DBPPs), and mercury (Hg) (Kraus et al. 2008; Ackerman et al. 2014; Medellin-Azuara et al. 2014; Henneberry et al. 2016; Hansen et al. 2018 ). These challenges have spawned a broad range of studies and strategies to develop solutions, though improvements in one area can create challenges that exacerbate another. For instance, wetland expansion and rice cultivation have been considered as alternative land uses to combat subsidence by promoting-through flooding-more reduced conditions that prevent peat oxidation (Deverel and Rojstaczer 1996) . However, if not managed carefully, these conditions can increase DOC and methylmercury (MeHg) exports from island drains into the Delta waterways (Fleck et al. 2007; Ackerman et al. 2015; Bachand et al. 2018) . DOC is a drinking water concern because it reacts with chlorine to produce disinfection byproducts (DBPs), and methylmercury is a hazardous substance. The California Department of Water Resources, the U.S. Army Corps of Engineers, and local reclamation districts have spent significant resources on strengthening levee systems to combat water intrusion from surrounding waterways. However, continued farming has led to greater land subsidence that exacerbates levee instability by creating larger hydraulic pressure heads between the island surface and the adjacent water bodies (Deverel et al. 2015) . Levee failure risks may still increase over time as a result of continued subsidence and climate change-induced sea level rise (Deverel et al. 2016a ).
Chemically Enhanced Treatment Wetlands (CETWs)-hybrid coagulation-treatment wetland systems (Appendix A, Figure A1 ) that leverage chemical and biogeochemical processes to improve water quality by removing Water Quality Constituents of Concern (WQCCs)-have been considered as a potential water quality and subsidence remedy. As a general water treatment approach, coagulation has advanced beyond drinking water applications and been used for removal of colloidal solids, algae, heavy metals, nutrients, bacteria, and fine particles in solution (Smeltzer 1990; Harper 1994; Welch and Schrieve 1994; Harper et al. 1998; Rydin and Welch 1998; Welch and Cooke 1999; Aguilar et al. 2002; Leggiere 2004; Macpherson 2004; Lee and Westerhoff 2006; El Samrani et al. 2008; Akbal and Camcı 2010; De Parsia et al. 2019) . Additionally, coagulation has been applied to remove DOC and nutrients from lakes, reservoirs, and estuaries (Berger 1987; Croué et al. 1993; Volk et al. 2000; Bratby 2006; Metcalf and Eddy 2009) . Treatment wetlands are engineered to improve water quality by using natural wetland processes such as sedimentation, biological uptake, microbial activity, and sorption by wetland components through the selection of soil, vegetation, and hydrologic controls (Hammer 1989; Haberl et al. 2003) . Combining chemical coagulation with treatment wetlands allows them to work synergistically through replacement of the sedimentation, clarification, and filtration processes typical in water treatment plants with similar wetlands processes.
Application of CETWs is relatively novel. Thus far, these systems have been tested for fine particle and dissolved phosphorus removal at smaller scales in stormwater treatment mesocosm studies (Bachand et al. 2000 (Bachand et al. , 2007 Trejo-Gaytan et al. 2006) ; potential toxicity to green algae, zooplankton, larval Fathead Minnow, and Japanese Medaka (Lopus et al. 2009; Bachand et al. 2010a) ; and treatment feasibility and design considerations (Bachand et al. 2010b) . These previous studies have demonstrated this technology to be successful for fine particle and phosphorus removal, with potential toxicity avoided by dosing coagulants at levels optimal to achieve water quality treatment goals or lower. Under CETW systems, coagulant dosing occurred before drainage water entered the wetlands. Dissolved WQCCs-such as DOC and mercury-aggregate and precipitate as settleable flocs, which are then retained in the wetlands (Henneberry et al. 2011; Stumpner et al. 2015; Liang 2016; Hansen et al. 2018) . For subsided lands, the retained flocs accelerate sediment accretion (Stumpner et al. 2018) . Here, we summarize findings from recent larger-scale Delta CETW applications, discuss the implications, and provide design recommendations and cost estimates for these hybrid systems. An important goal of this paper is to integrate those findings, so that land use managers can understand the potential costs and benefits of implementing CETWs in the Delta.
METHODS

Performance Testing and Assessing Processes
CETWs were implemented, using three replicates for each treatment, on a highly subsided island (Twitchell Island, Figure 1 ) located in the Sacramento-San Joaquin Delta, CA. Each wetland cell was approximately 40 feet (12.2 m) wide and 120 ft (36.6 m) long, for an area of approximately 4,800 ft 2 (446 m 2 , 0.0446 hectares, 0.11 acres) and length-to-width ratios of 3:1. Wetlands were operated at a water depth of approximately 1.5 ft (0.45 m), and volumetric flow rates of 0.5-75.1 cubic feet per second (cfs), designed for a target hydraulic retention time (HRT) of 3-5 days, which corresponds to hydraulic loading rates of 4.4-4.5 in d -1 (11.2-11.4 cm d -1 ). Ferric sulfate (Fe treatment, 60% Soln., Kemira Water Solutions, Inc., Finland) and polyaluminum chloride (PAC, Al treatment, PAX-XL19, Kemira Water Solutions, Inc., Finland) coagulants ( Figure 2A ) were dosed using peristaltic pumps ( Figure 2B ) and then rapidly mixed into island drainage water using static mixers ( Figure 2C ). The dosed water flowed through PVC piping systems, where in-line static Chemically Enhanced Treatment Wetland (CETW) design schematic depicted using a flow chart (2.1) and pictorial guides (2.2). Coagulants stored in totes (A) were pumped via peristaltic pumps (B) to a static mixer (C) where chemicals were flash-mixed into source water pumped from an island drain ditch (D). Dosed water passed through pipes fitted with pH sensors (E) and entered wetlands, where it was measured for fluorescent dissolved organic matter (F). As water enters the wetland cells (G), samples were collected (H) to monitor performance and calibrate the system. Sensor measurements were fed back to the data logger and controller (I) to record data and to adjust water and chemical feeds.
2.1
2.2
https://doi.org/10.15447/sfews.2019v17iss3art1 mixers slowly mixed the water ( Figure 2E ), which entered the wetlands through inflow pipes. In-line magnetic flow meters measured flow rates, and fluorescent dissolved organic matter (FDOM) measurements and water quality samples were collected at the inflow ( Figure 2F-2H ). All sensor measurements were fed back to the data logger and controller ( Figure 2J ) to record data and to adjust water and chemical feeds. After entering the wetland cells, water flowed across the length of the wetland toward outflow pipes (opposite inflow pipes, where flow rates and water quality samples were also collected) and en route passed monitoring locations along a constructed boardwalk ( Figure 2G ). Water exiting outflow pipes discharged into canals that led to Twitchell Island's main drain, where water was pumped off the island back into Delta waterways. Control treatment wetlands and the piping system were identical to the coagulation (Fe and Al) treatment wetlands, except no chemicals were applied, and therefore no dosing or mixing hardware (i.e., peristaltic pumps, static mixers) was needed.
System construction-which included development of the coagulation system (flow and chemical control and monitoring), nine wetland cells within the study plot, and boardwalk infrastructure within the wetland cells-began in July 2008 and continued through January 2012 (Appendix A, Figures A2 and A3), with a 2-year interruption of funding. Once the system was operational, extensive hydrologic, dosing, and water quality monitoring (monitoring program) began for all nine wetlands. Inflow and outflow rates, coagulant dosing rates, FDOM concentrations (measured in-field on raw water samples used as a surrogate for DOC concentration), and pH at key flow diagnostic locations were monitored at 15-minute intervals and recorded using a Campbell data logger, available for local and remote download. Piping line pressure was monitored at the main pump to indicate irregular pressures (i.e., as a result of pipe clogging). The height of the outflow weirs controlled water levels in the wetlands, and water levels were recorded during weekly water sample collection. Water samples were collected weekly at the control treatment inflow (non-dosed), the coagulation treated inflows (post-dose), and all outflows (outflow). Water was analyzed weekly for DOC, total suspended solids, total Fe, total Al, and UV254 (absorbance of ultraviolet light at 254 nm, used as another surrogate for DOC concentration measured in the laboratory after removing Fe interference) (Bachand et al. 2019a ). In addition, YSI water quality sonde (Xylem Inc.) measurements were collected during weekly sampling events to monitor turbidity, pH, and dissolved oxygen (Bachand et al. 2019a ). Nitrate, ammonia, dissolved organic nitrogen (DON), dissolved aluminum (DAl), dissolved iron (DFe), sulfate, chloride, and phosphates were analyzed monthly from selected weekly samples (Bachand et al. 2019a ). Filtered and particulate fractions of MeHg and total Hg were analyzed monthly from samples collected using ultra-clean techniques according to the USGS National Field Manual (Wilde et al. 2004; Stumpner et al. 2015) . DBPPs (indicated by haloacetic acid [HAA] and trihalomethane [THM] formation potentials) were analyzed three times throughout the field study on samples collected using ultra-clean methods in February, May, and July 2013 to represent winter, spring, and summer conditions, respectively (Hansen et al. 2018 ). The monitoring program was designed to (1) determine the effectiveness of CETWs for concentration and load reduction of key WQCC; (2) identify the effects of CETWs on the fate and transport of these key WQCC; and (3) develop best management practices and design recommendations for CETWs to improve the quality of water discharged from Delta islands.
In addition to the aforementioned monitoring program, Liang et al. (2019) assessed vegetation in the wetlands to determine treatment effects, and Stumpner et al. (2018) sampled soils and detritus at the beginning and end of the field study at locations near the inflow, center, and outflow in all wetlands that represented a downstream gradient. Stumpner et al. (2018) also used soil and detritus data to assess the effects of coagulation on wetland accretion rates.
Design and Costs Analyses
Fundamental to implementing CETWs is an understanding of design alternatives and their associated costs. We defined four design alternatives to assess and compare costs. These alternatives were sized to represent relatively small CETWs of approximately three acres (Table 1, Alternative 1)-similar in scale to the entire study plot, which comprised 9 experimental treatment cells-to larger CETWs sized to treat drainage water from entire islands in the Delta (Table 1 , Alternatives 3 and 4), such as Jersey Island (Alternative 3) and Sherman Island (Alternative 4). Length-to-width ratios, water depth, levee dimensions, and compaction ratios were based upon approaches or practices found in the literature or standard engineering design. Two key design parameters are critical to CETW sizing: wetland HRT and flow rate. Study HRT was targeted at 4 days based upon the reported settling times required for key WQCC removal (Bachand et al. 2000 (Bachand et al. , 2010a (Bachand et al. , 2019b . Given that DOC removal targets were achieved in the study, this HRT was propagated into the design alternative assessment. We estimated design flow rate per acre based on observed monthly average flow rates for the Twitchell Island pump drain and the total area drained. A cumulative histogram of daily flow rates ( Figure 3 ) was constructed based on monthly pump drain flow rate averages for years 2009-2012 exiting the main drain of the island (Appendix A, Figure A4 ). The 75th percentile daily flow rate of 36.5 ac-ft d -1 was used as the design flow rate to represent reasonable pumping rates from Twitchell Island. Based upon Twitchell Island drained area (3,516 acres), the monthly design flow rate per acre is 0.315 ac-ft mo -1 ac -1 . This design flow rate generally exceeded average monthly flow rates for all months except from December through February. We assumed treatable flow rates (ac-ft mo -1 ) from an island area to be 0.315 × Island Area (in acres).
We developed cost estimates for this study using several information sources. First, we tracked costs during the study, including capital expenditures for construction, monitoring, and instrumentation, as well as labor and materials for routine system operation and maintenance (O&M). We used this cost tracking, supplemented by other available information, to calculate project costs. Supplemental Information tables in Appendix A contain cost information for some project components such as boardwalk construction (Appendix A, Table A1 ; note that the level of boardwalk infrastructure for any future applications will depend on sampling needs for testing and monitoring, and therefore can be highly variable); pump station construction estimates (Appendix A, Table A2 ); agricultural land costs in the Delta (Appendix A, Table A3 ); and laboratory analysis costs (Appendix A, Table A4 ). Second, we used labor costs that utilized time estimates and competitive billing rates (Appendix A, Table A5 ) to estimate annual costs such as chemical system maintenance. Third, we assumed some costs to be a function of the total project capital. More details on cost development and assumptions are provided in the notes for Table 2. We converted costs to both Present Value (PV) and Total Annualized Cost (TAC) in USD, assuming a 2% net interest rate and a 20-year life. We standardized costs against mass of DOC removed ($ per kgDOC), water volumes treated ($ per ac-ft), and area required ($ per ac). We compared treatment technology in terms of TAC, a method often used to compare systems with different life-spans. For technologies that could be incorporated into an existing treatment plant (e.g., disinfection technologies), capital costs include only additions to the treatment plant and O&M specific to the technology, but not the costs of the treatment plant itself. We compared our https://doi.org/10.15447/sfews.2019v17iss3art1 Table 1 . costs with costs from Chen et al. (2008) for 7 to 76 mgd (9,400 to 100,000 ac-ft yr -1 ) treatment plants, which are similar in size to Alternatives 3-4 (See "water treated," Table 3 ).
SUMMARY OF DELTA CETW AND OTHER RELEVANT RESULTS WQCC removal: DOC, DBPPs, Nutrients, and Hg
CETWs removed WQCCs via two steps: coagulation (step 1) and passage of treated water through treatment wetlands to allow particulate settling (step 2). During the coagulation step, coagulant dosing was operated to achieve 65% to 80% DOC removal. For both the Fe and Al treatments, the coagulation step, on average, achieved over 70% DOC removal (Hansen et al. 2018; Bachand et al. 2019a Bachand et al. , 2019c . However, passage of treated water through the wetlands reversed some of the removal by coagulation and increased DOC and DBPP levels (both concentration and annual loads) at the outflow relative to post-dose levels. This wetland effect was more pronounced during the warm summer months when DOC production in the wetlands is greater. Despite this, water exiting the coagulant treated wetlands had lower DOC and DBPP levels relative to untreated source water and control treatment outflow water. CETWs removed more DOC and DBPPs during winter months when inflow water DOC concentration was higher and wetland DOC production was lower (Hansen et al. 2018; Bachand et al. 2019c ).
Overall, the Al CETWs removed 58% of source water DOC loads (~349 gDOC m -2 yr -1 ) and the Fe CETWs removed 41% (~245 gDOC m -2 yr -1 ), whereas the control wetlands produced 51 gDOC m -2 yr -1 (an 8% increase in DOC relative to the source water). DBPP load removals were an order of magnitude lower than DOC removal, with HAA precursors more effectively removed than THM precursors (Hansen et al. 2018; Bachand et al. 2019c) . CETWs also consistently removed other WQCCs such as phosphate, DON, DFe, DAl, FTHg, and FMeHg at removal rates of 42% to 93% of source water loads (Stumpner et al. 2015; Bachand et al. 2019b Bachand et al. , 2019c .
Subsidence Mitigation
CETWs demonstrated greater sediment and carbon accretion than control wetlands (Stumpner et al. 2018) . Al CETWs had the highest vertical accretion rates (~6 cm yr -1 ) that were distributed consistently throughout the entire wetland. Fe CETWs had similar accretion rates near the wetland inflows (~6 cm yr -1 ) compared to Al CETWs, but we observed lower rates similar to the untreated wetlands near the middle and outflows (~1.5 cm yr -1 ). The material deposited in the CETWs had bulk densities of 0.04 to 0.10 g cm -3 , which are lower than native California peat soils (0.2 to 0.3 g cm -3 ) and could consolidate over time. Carbon burial rates in the Al CETWs were over 2-fold greater than in the control wetlands (Stumpner et al. 2018 ).
Toxicity and Ecosystem Effects
Observation of established Typha plants showed no negative effect on plant growth compared to the control, when plants were exposed continuously to Al-and Fe-floc over two growth seasons. Additionally, no signs of plant toxicity were observed in the controls or coagulant treatments ). However, other similar studies have found that exposure of submerged aquatic vegetation to Al-flocs over a 3-month period caused higher Al accumulation in plant material (Malecki-Brown et al. 2010) . Therefore, aquatic plant toxicity may vary with species, and further studies that encompass a wider range of wetland plants are needed. In a related Delta study on the effects of mosquitofish that resided in CETWs and control wetlands, total Hg concentrations were found to be significantly lower (approximately 35%) in mosquitofish in the Fe CETWs compared to those residing in the control wetlands, while mosquitofish in Al CETWs had similar levels of total Hg compared to the control (Ackerman et al. 2015) . This may be related to the lower levels of methylmercury (from either suppressed production or additional sequestration) observed in the Fe treatment (Ackerman et al. 2015; Bachand et al. 2019b ).
Other studies have found that in Al-treated wetlands, there were lower levels of microbial activity in the surface of soils compared to controls; this effect was observed after 3 Malecki-Brown and White 2009). Many effects on CETW ecosystems from floc exposure are still unknown, signaling that more comprehensive and longer-term monitoring is needed.
System Design: DOC Surrogates
Both UV254 and FDOM were considered as possible surrogates for DOC concentration and both surrogates required calibration to source water. UV254 was measured in the laboratory (after removal of Fe interference by the addition of hydroxylamine (Doane and Horwath [2010] ); FDOM was performed in the field on raw water streams. Results showed that DOC concentration and percent removal correlations were stronger with lab UV254 than with in situ FDOM (Appendix A, Figure A5 ). Nonetheless, both surrogates were suitable methods for Al-treated water and control source water. Interference by particles and higher Fe levels in the Fe treatment render FDOM unsuitable as an in situ DOC indicator for that treatment. However, for the Fe treatment, we found that pH reliably indicated dosing rates. Field tests indicated that pH decreases of 7% to 10% consistently resulted in DOC removal of 65% to 85% (Bachand et al. 2019a) . In situ FDOM and pH measurements on source water allow real-time determination of dosing requirements, making the system amenable to automation. Although laboratory methods are typically more accurate than realtime methods, a larger time delay is needed to obtain results with the former, potentially making laboratory methods unsuitable for systems that treat source waters with rapidly changing properties. Control systems-comprised of regularly programmed measuring devices, programming devices, and automated dosing that follows rule-based calculations of dosing goals and requirements-can vary in complexity and may not require complete automation to meet the needs of all CETWs. In this study, because DOC concentrations in drain water were relatively stable on a seasonal basis, manual adjustments of dosing rates with set flow rates and occasional checks of in situ measurements against laboratory analyses provided reasonable performance with a simple, non-automated system (Bachand et al. 2019a ).
COST RESULTS: COST BY ALTERNATIVE
The four design alternatives included in this study spanned a range of proposed wetland sizes (3 to 400 acres; Table 1 ) and treatment capacities (1 to 149 ac-ft d -1 ; Table 1 ). For the smallest CETW alternative-Alternative 1-characterized by a 3-ac wetland, total direct and indirect capital costs would be approximately $436K, land purchases are estimated at approximately $78K, and annual O&M costs, excluding coagulant use, are estimated at approximately $160K (Table 2) . For the largest CETW alternative-Alternative 4characterized by a 400-ac wetland (with over two-orders-of-magnitude greater treatment capacity than the smaller CETW), total direct and indirect capital costs would be approximately sixteen times greater at $7.3M, land purchases are two orders of magnitude higher at $7.4M, and annual O&M costs are approximately two times higher at $411K (Table 2) . Cost distributions over a 20-year period show that for smaller CETWs (Alternative 1), the majority of costs reside in O&M for these systems (70%, Figure 4 ). As the design alternative size increases, the percentage of expenditures used for O&M and capital costs decreases, and the percentage of expenditures used for coagulant purchases increases, making coagulant purchase the main cost associated with larger CETWs (50% to 80%, Alternatives 2-4, Figure 4 ).
We based coagulant costs per alternative on the use of PAC (Al treatment), because of its better DOC and DBPP removal and floc stability (Liang 2016; Bachand et al. 2019c) , as well as lower Hg content, as compared to ferric sulfate (Fe treatment) (Bachand et al. 2019b ). We estimated coagulant costs for two different DOC levels; high DOC (24 mg L -1 ) and low DOC (10 mg L -1 ), based on observed source water DOC concentrations that entered study control wetlands during fall/winter and summer/spring, respectively (Appendix A, Figure A6 ). We assumed a DOC removal efficiency of 70%, based on study findings (Hansen et al. 2018; Bachand et al. 2019a Bachand et al. , 2019c . Using the aforementioned assumptions, and to treat low-DOC source waters, approximately 28K kg yr-1 of PAC are needed for Alternative 1 and 4M kg yr -1 of PAC for Alternative 4, with estimated annual costs of $40K and $4.6M, respectively (Table 4 ). For high-DOC scenarios, more coagulant is required, and thus coagulant costs increase by a factor of 2.4. DOC levels in Delta island drains will vary throughout the year, as we observed at our field site, so coagulant costs are likely to be between the high and low DOC scenarios.
TAC estimates show that under low-DOC scenarios ( 5 ). At and above 20 ac-ft d -1 design capacity, treatment costs for both high-and low-DOC scenarios are below $15 per kgDOC removed, and are relatively flat with increasing design capacity, with low-DOC scenarios resulting in slightly higher TAC than high-DOC scenarios. Economies of scale are also evident when costs are viewed in terms of TACs per ac-ft water treated ( Figure 5 ), but these costs are greater for the high-DOC scenario than for the low-DOC scenario.
DISCUSSION
Control and Simplification
CETWs in the Delta can be designed and simplified to fit specific needs. As mentioned https://doi.org/10.15447/sfews.2019v17iss3art1 earlier, use of FDOM and pH sensorsby developing curves to predict DOC and corresponding coagulant dosing requirementscan facilitate the use of automated dosing. Advantages of an automated measurement and dosing system are more flexibility, quick adaptation to changing circumstances, and easier adjustment and monitoring; this allows for greater efficiency but, noted here in this and other studies, automation may not be appropriate or economical in all CETWs. In situations with very predictable inputs and treatment goals, manual dosing adjustments that use occasional laboratory DOC measurements may be the most costeffective way to operate the coagulation system.
Cost Comparison with other Treatment Technologies
DOC is a drinking water concern because it reacts with chlorine to produce DBPs (HAAs and THMs), and thus its removal before drinking water disinfection is important. Standard disinfection technologies such as ozonation and UV radiation may reduce the formation of DBPs. Ozonation is one of the most commonly used technologies for disinfecting Delta water, and although it does not produce THMs or HAAs, it does produce bromate in the presence of bromide, which is commonly found in Delta waters (Chow et al. 2003; Richardson et al. 2003; Chen et al. 2008) . Depressing pH can control bromate formation, but lower pH can increase the cost of ozonation. Estimated TAC for adding ozonation to an existing treatment plant is approximately $90-$200 per ac-ft (Chen et al. 2008; Chen et al. 2010) . UV, which is not as commonly used to treat Delta water, can disinfect water without forming DBPs. But suspended solids must be removed before treatment, otherwise disinfection efficacy is compromised. UV radiation also requires regular lamp cleaning and large amounts of electricity, and it does not provide any residual disinfection. Estimated TAC for adding UV treatment to an existing water treatment plant is $12-$27 per ac-ft (Chen et al. 2008; Chen et al. 2010) . Poor WQCC removal before disinfection with the aforementioned technologies can increase costs and lower disinfection efficacy, in addition to increasing health risks to consumers because there is a higher potential for DBPs to form.
CETW costs are competitive with the costs of other methods used to remove DOC and DBPPs from Delta waters. These methods include enhanced coagulation, granular activated carbon, microfiltration/ultrafiltration, and nanofiltration. We modified cost estimates for these technologies from Chen et al. (2010) to reflect costs on a carbon-removal basis. Assuming a carbon concentration of approximately 3 mg L -1 (based on a range of 1-5 mg L -1 from Roy et al. [2006] ) and 75% removal, enhanced coagulation TAC standardized to carbon removal is $9-$11 per kg-C, slightly lower than CETW costs of $11 to $14 per kgDOC. Other technologies have higher costs than CETWs: granular activated carbon ($29 to $33 per kgC); microfiltration/ultrafiltration ($101 to $142 per kgC); and nanofiltration ($171 to $218 per kgC).
Main Costs and Cost Saving Opportunities
Potential opportunities for CETW cost savings include increasing settling rates to allow lower HRTs. Floc aggregation characteristics and settling rates have been shown to vary with different coagulants treating the same source water . Settling rates 4 to 20 times greater have been observed for aluminumbased coagulants compared to untreated water . Additional cost savings are also possible if the coagulation process is further improved with the addition of polyacrylamides or other coagulant aids, which typically costs less than metal-based coagulants and improve settling rates and removal efficiencies (Bachand et al. 2000) . With a lower HRT, a given system can treat more water or require less space while maintaining the same costs associated with capital equipment, land, and O&M; and cost standardized to DOC removal drops with lower HRT because of more efficient equipment and land use ( Figure 6 ). As an example, Alternative 3, with a 100-acre wetland, is designed to treat runoff from 3,600 acres with a 4-day HRT. If the same wetland acreage is used with a 1-day HRT, the treatable area is four times larger (~14,400 acres). By decreasing the HRT from 4 days to 1 day, the wetland area drops from 2.8% to 0.7% of treated area. TAC increases as a result of greater coagulant use, but TAC per kg carbon removed drops from $11.5 to $12.2 per kgDOC for VOLUME 17, ISSUE 3, ARTICLE 1 a 4-day HRT to $10.2 to $10.3 per kgDOC for a 1-day HRT ( Figure 6 ).
Another way to lower CETW costs is to reduce treatment design flow rates by maintaining a steady flow of incoming water to be treated, rather than large spikes in incoming water flows, which necessitate more contingency in the design treatment capacity that is not required throughout the year. As discussed in the "Design and Cost Analyses" section, the treatable island area was based upon discharge flow rates from Twitchell Island using the 75th percentile flow rate (Figure 3 ). Arguments can be made for reducing that flow rate by creating water storage for excess water in need of treatment (Bachand et al. 2010) . At Twitchell Island and throughout the Delta system, areas have been identified that cannot be farmed because they have become permanently flooded (Deverel et al. 2015) ; these areas may be well suited for water storage with minimal modifications, barring water-delivery infrastructure needed for transport to CETWs.
Other island practices may also be used to reduce needed treatment design flow rates, such as strategic placement of rice fields and wetlands on Delta islands to reduce levee failure risks (Deverel et al. 2016a (Deverel et al. , 2016b Bachand et al., manuscript in preparation) . Bachand et al. (manuscript in preparation) suggest that converting the status quo to rice fields can reduce seepage infiltration onto islands from surrounding waters, and reduce off-island pumping. These strategies for increasing island sustainability will also reduce spikes in water flow rates that need treatment so treatment design flow rates can be reduced from the 75th to the 50th percentile of historic pump flow rates (Figure 3) . For Twitchell Island, this corresponds to decreasing the design flow rate from 36.5 ac-ft d -1 to approximately 22.7 ac-ft d -1 . The potential treatable area of the wetland system increases by 60%, reducing the size of the CETW system from 2.8% to 1.7% of total treated area.
Estimated Treatment Costs for Implementation throughout the Delta
Overall, CETWs offers an economically competitive treatment option compared to already established full-scale water treatment plants, even with the addition of costs not considered in already established treatment plants (i.e., infrastructure cost, engineering, maintenance, labor, materials).
In the future, largely as a result of rising sea levels, water treatment costs are expected to increase as water quality worsens from higher salt and bromide content (Chen et al. 2008) .
Water treatment costs are also likely to increase for WQCCs, because higher infiltration from surrounding waters is expected to mobilize more constituents. Many of the current water treatment facilities in the Delta have a capacity similar to the larger CETW alternatives presented here (37-149 ac-ft d -1 ). Only water treatment facilities associated with the South Bay pumps that convey water to Southern California have larger capacities (Chen et al. 2008) . Although CETWs are not designed with treatment objectives identical to traditional water treatment plants, the comparison is relevant because, where their objectives do overlap, CETWs can be cost competitive while providing additional benefits to the Delta as a whole and to individual islands. Besides providing wetland wildlife habitat, CETWs help mitigate land subsidence and remove Hg, two primary issues in the Delta (Ackerman et al. 2015; Deverel et al. 2016b) . Hg is an environmental and public health issue regulated under a MeHg total maximum daily load (TMDL) promulgated by the Central Valley Regional Water Quality Control Board (2011), in which CETWs could play an important compliance role (McCord and Heim 2015) .
Using relationships developed in this study, we estimated treatment costs for islands throughout the Delta (Appendix A, Table A6 ). Most islands reached similar costs from converging economies of scale, except islands that have small areas (<2,500 acres). For low-DOC scenarios, most islands fell into a range of $10 to $23 per kgDOC removed, and $87 to $200 per ac-ft treated; for high-DOC scenarios, those values changed to $9 to $16 per kgDOC removed, and $190 to $350 per ac-ft treated. A main driver of the costs is likely to be the quality of the source water, which will determine the necessary dosage of coagulant. Given the Delta's problems with DOC, Hg, and land subsidence, CETWs are well suited to combat these issues for many existing subsided islands, and they require only 3% (or less) of the total area being treated, leaving the remaining land area for agriculture or habitat. Based on information presented here, CETWs are multifunctional when implemented on Delta islands; they are scalable, cost-effective, resilient and reliable. Site-specific attributes will determine the efficacy and investment success for CETWs; including, but not limited to, source water quality and predictability, land availability, energy needs, infrastructural protection needs and costs.
CONCLUSIONS
The Delta presents many challenges for California water managers. While management of water supplies through the Delta is an important and politically engaging issue, other critical challenges to the well-being of the Delta include water quality degradation, land subsidence, sea level rise, loss of agricultural productivity, and contamination of natural ecosystems. WQCCs including DOC, DBPP, phosphate and Hg all pose risks to the Delta ecosystem and its beneficial uses. The viability of the Delta as a continuing water conveyance component, critical to California's water management, is dependent upon water quality protection and levee stability. CETWs are uniquely suited to address these two problems for Delta island managers and may become critical in helping some islands meet regulatory standards including MeHg TMDLs. A series of studies have demonstrated that CETWs can effectively treat agricultural drainage water for DOC, DBPP, phosphates, DON, metals, and Hg species. CETWs also counteract land subsidence, which occurs in peaty areas oxidized by status quo agricultural practices on Delta islands. As a non-traditional form of water treatment, CETWs can remove WQCCs with fewer infrastructural expenses compared with traditional water treatment plants, in addition to accelerating soil accretion rates and avoiding expenses associated with floc removal. CETWs compare competitively with existing water treatment plants and other DOC treatment methods in costs per unit DOC removed. While CETWs require non-trivial investment for implementation, operation and maintenance, the overall system costs will vary widely depending on source water inputs, design capabilities, WQCC reduction targets, and available land. CETW long-term costs are heavily impacted by chemical usage which is determined by source water quality. Cost-savings through more efficient dosing design such as addition of coagulant aids to hasten floc settling and reduce required HRT, is expected to decrease expenditures associated with treatment. Similarly, treatment design flow rates may be decreased through the use of strategic water storage areas on the island (where infrastructural costs of transporting from storage area to CETWs are not prohibitive) which can decrease the amount of land dedicated to CETWs.
